This paper reports experimental data on flashback and lean blowout characteristics of H 2 /CO/CH 4 mixtures. Data were obtained over a range of fuel compositions at fixed approach or burned flow velocity, reactant temperature, and combustor pressure at several conditions up to 4.4 atm and 470 K inlet reactants temperature. Consistent with prior studies, these results indicate that the percentage of H 2 in the fuel dominates the mixture blowout characteristics. These blowout characteristics can be captured with classical Damköhler number scalings to predict blowoff equivalence ratios to within 10%. Counter-intuitively, the percentage of hydrogen had far less effect on flashback characteristics, at least for fuels with hydrogen mole fractions less than 60%. This is due to the fact that two mechanisms of "flashback" were noted: rapid flashback into the premixer, presumably through the boundary layer, and movement of the static flame position upstream along the centerbody. The former and latter mechanisms were observed at high and low hydrogen concentrations. In the latter mechanism, flame temperature, not flame speed, appears to be the key parameter describing flashback tendencies. We suggest that this is due to an alteration of the vortex breakdown location by the adverse pressure gradient upstream of the flame, similar to the mechanism proposed by Sattelmayer and co-workers [1] . As such, a key conclusion here is that classical flashback scalings derived from, e.g., Bunsen flames, may not be relevant for many parameter regimes found in swirling flames. 
INTRODUCTION
This paper describes measurements of the dependence of flashback and lean blowout limits upon fuel composition. This work is motivated by interest in developing combustors capable of operating with synthetic fuels derived from coal and/or other feedstocks [ 2 ] . Current syngas combustion technology relies on diffusion flame combustors, with water injection technology for NO x control.
The inherent variability in composition and heating value of synthetic gases is a significant barrier towards their usage. Syngas fuels are typically composed primarily of H 2 , CO, and N 2 , and may also contain smaller amounts of CH 4 , O 2 , CO 2 , and other higher order hydrocarbons [3] . Depending upon the source and particular processing technique, these fuels can have significant ranges in relative composition of these constituents; e.g., volumetric H 2 /CO ratio varies from 0.33-40, the percentage of diluent gases (e.g., N 2 , CO 2 , Ar) from 4 -51%, and the percentage of water from 0-40% [4] .
This variability is a significant problem because low emission combustion systems are optimized for operation within tight fuel specifications. Specifications for gaseous fuels cover parameters such as heating value, hydrogen content, and solid contaminant levels. This variability in fuel content, and resultant combustion kinetics, introduces substantial modifications in steady state (e.g. emissions, flame shape) and dynamic (e.g., blowoff, flashback, combustion instability) combustor behavior from one syngas to the next. This paper describes results from an experimental program that is investigating the dependence of flashback and blowout limits upon syngas composition.
Blowout refers to when the flame becomes detached from the location where it is anchored and is physically "blown out" of the combustor. Blowout is often referred to as the "static stability" limit of the reaction. Roughly speaking, blowout occurs when the characteristic chemical time becomes longer than the characteristic residence time. It is a concern in low emissions combustors that often operate very near the blowout limits of the combustor. Furthermore, the blowout limits of a combustor can vary significantly with fuel composition, due to their wide range in chemical kinetic rates. For example, many candidate fuels have similar heating values but also have chemical kinetic times that vary by an order of magnitude.
The other issue is flashback, where the flame physically propagates upstream of the region where it is supposed to anchor and into regions that are not designed for high temperatures. Flashback is an issue with high flame speed fuels, such as those containing high hydrogen levels.
BACKGROUND
Flame stabilization involves competition between the rates of the chemical reactions and the rates of turbulent diffusion of species and energy. While a significant amount of fundamental understanding of flame propagation and stability characteristics of lean, premixed systems has been gained in conventionally fueled, natural gas-air systems [ 5 ] , little is known about these issues for alternate gaseous fuels, such as syngas or low BTU fuel mixtures. Furthermore, the majority of the fundamental investigations of the combustion characteristics of these synthetic gases are for non-premixed flame configurations [6, 7, 8, 9, 10] . Limited studies have been initiated relatively recent to investigate the characteristics of premixed, hydrogen-enriched methane fuels [ 11 , 12 , 13 ] . Additional studies are needed, however, to broaden the scope of fuels of interest.
Consider first the factors affecting blowout. Methods for developing blowout correlations using WSR scaling ideas have been studied extensively. Several different theories or physical considerations have been used in past blowout correlation studies, such as those of Zukoski and Marble [14] , Spalding [15] , Longwell [16] and others [17, 18] . As noted by Glassman [19] , however, they lead to essentially the same form of the correlation that relates the blowoff limits to a Damköhler number, i.e., ratio of a residence and chemical kinetic time, τ res /τ chem . This ratio is often referred to as a combustor loading parameter.
It is possible that the recirculation regions that stabilize many high intensity flames, which may have flamelet properties at most other points along the flame, have distributed reactor-like properties; hence, the success in stirred reactor models in correlating blowout behavior.
When applied to blowoff limits of premixed flames, this chemical time can be estimated as:
where S L and α denote the laminar flame speed and thermal diffusivity, respectively [ 20 , 21 ] 
The appropriate reference velocity, U ref , is less clear. Note that U ref need not directly scale with approach flow velocity, U 0 , due to the acceleration of the burned gas [20] . Since the burned gas velocity scale is given by U b =(T b /T 0 )U 0 , then U ref =f(U 0 , T b /T 0 ). Similar considerations apply for the recirculation zone scale, d. For this reason, prior workers have often had to measure the recirculation zone length in order to use Eq. (2) (e.g., see Ref. 14) .
The other problem besides lean blowoff is flashback, where the flame physically propagates upstream of the region where it is supposed to anchor and into premixing passages that are not designed for high temperatures. Similar to blowout, flashback is an issue because of the widely varying flame speeds of candidate fuels.
Flashback occurs when the flame propagates upstream into the premixing section. While this is a classical topic that has been extensively investigated [22, 23, 24] , the complexity of the topic increases substantially in swirling flows. In particular, several potential modes of flashback occur in swirling flows, as discussed in a series of papers by Sattelmayer and co-workers [25, 26, 27] . They identify three mechanisms for flashback: flashback in the boundary layer, turbulent flame propagation in the core flow, and flashback due to combustion instabilities [ 28 ] .
The first two mechanisms are captured partially by the laminar and/or turbulent flame propagation speed. A thorough investigation of boundary layer flashback in syngas fueled Bunsen flames has been detailed by Davu et al. [ 29 ] . When the local turbulent flame speed exceeds the local flow velocity, the flame can propagate upstream into the premixing section. This issue is complicated by the radial variation in flow velocity, quenching losses, and turbulent flame speed. Also related to the second mechanism is a phenomenon Sattelmayer and co-workers refer to as "combustion induced vortex breakdown". The basic idea is that the flame contributes to vortex breakdown, and therefore a low or negative flow region ahead of it. The flame advances forward, causing the vortex breakdown region location to advance farther upstream. This process continues as the flame proceeds farther and farther upstream. In this scenario, flashback could occur even if S T is everywhere less than the flow velocity. As will be discussed below, we believe that a similar phenomenon is occurring in many cases in the tests reported here. However, rather than the flame continuously propagating upstream, we have found that the static flame anchoring position monotonically moves upstream as the mixture fuel/air ratio increases, apparently due to a change in the location of vortex breakdown.
INSTRUMENTATION AND FACILITY
Blowout and flashback measurements were obtained with two similar, but slightly different combustors, as the facility was modified after the blowout measurements. The blowout measurements were obtained in a 5.1 x 5.1 cm (2" x 2") square combustor, previously described in Ref [ 30 ] . The combustor was subsequently replaced by a 7.6 cm (3") diameter quartz tube housed in a pressure vessel, see Figure 1 . The premixer was essentially identical, although some additional instrumentation was added for the flashback measurements. This premixer is fully modular as the centerbody and swirler can be easily removed and replaced; tests reported here were performed with a single 12 vane, 35 o swirler. More details about the facility are in Ref. [ 31 ] . Although referred to here as a "premixer", we actually mix the fuel and air far upstream to ensure a homogeneous mixture.
Fuels of arbitrary composition were generated with a blending facility consisting of six mass flow controllers, plumbed to bottles of H 2 , CO, CH 4 , CO 2 , N 2 , and/or any other arbitrary fuel. To detect flashback, a total of fifteen measurement points are arranged on the outer wall of the premixer, as shown below, five in a row at successive axial locations, with three locations at successive 120 o azimuthal positions at each axial location. Also, from the schematic of the combustor, a thermocouple is mounted on the surface of the centerbody, approximately 1.9cm from the tip (see Figure 2 ). An additional thermocouple is located upstream of the premixer (see Figure 1) . Figure 2 shows the premixer with the three rows of five thermocouples. The first three thermocouples, along with the centerbody thermocouple, were used to determine flashback. The two end thermocouples were only used to determine the distance of flashback into the premixer. Once the flame moves upstream, it is sensed by the thermocouple, triggering a flashback alarm. The mixture is quickly leaned out, and the flashback procedure repeated. Note that target temperatures were chosen based upon prior tests and visual observations of the flame shape and behavior. In order to facilitate presentation of results, we represent the mixture composition of H 2 /CO/CH 4 by its color. Primary colors at the three vertices are used to represent each fuel constituent, where red, yellow, and blue denote H 2 , CO, and CH 4 , respectively. This is illustrated in the figure below. Unfortunately, Figure 3 will be difficult to interpret if reproduced in grayscale. The basic test sequence is to operate at uniformly spaced fuel compositions in H 2 /CO/CH 4 space, such as is depicted in the figure above. At each fuel composition, the mixture equivalence ratio is adjusted at constant unburned velocity until the mixture flashes back or blows off. Obtaining this data was complicated by the need to keep the approach flow velocity, combustor pressure, and mixture temperature constant across the range of fuel compositions. As such, fixing the relative fuel compositions required simultaneously adjusting the air and three fuel flow rates in order to keep constant approach flow velocity. In addition, due to variations in mixture burned gas temperature, maintaining a constant combustor pressure required simultaneous adjustment of the back pressure valve. Finally, variations in molar volume of the fuel necessitated adjusting the air temperature in order to maintain a constant reactant temperature. For the data shown in the Results section, the approach flow velocity, pressure, and temperature remains constant to within 2%, 5%, and 20 K of their quoted values.
To clarify, combustor unburned flow velocities are quoted here, which equals the mass flow rate divided by the unburned gas density and combustor area -this is the combustor velocity if there is no flame. It should be emphasized that this is purely a reference velocity, as the actual flow velocities may be different. The burned gas velocity simply equals this velocity multiplied by the theoretical temperature ratio across the flame. The velocity at the premixer exit, relevant for the flashback data, equals the unburned flow velocity multiplied by 18.
It should be emphasized that applying a consistently uniform definition of flashback and blowoff is complicated by the fact that the manner in which the flame flashed back and blew off varied with composition. Different flashback mechanisms were found for different fuel compositions. For low H 2 mixtures, the flame anchoring location moved gradually upstream (along the centerbody) with increased equivalence ratio, see Figure 4 . In other words, flashback was not a discontinuous phenomenon, where the flame actually propagated upstream into the premixer in a rapid manner. For these cases, flashback is defined here as the point where the thermocouple closest to the exit plane of the premixer reaches 450K and 505K for the 300K and 460K reactant preheat cases, respectively. However, for high H 2 mixtures, flashback occurred very abruptly -triggered by only a slight change in mixture stoichiometry. The flame would very rapidly propagate upstream, often all the way through the swirler where it triggered the thermocouple upstream of the premixer.
Similarly, the manner in which the flame blew off varied with fuel composition. In many cases, the blowoff event occurred abruptly with a small change in fuel composition, although sometimes preceded by slight liftoff of the flame from the burner.
Defining the blowoff point was unambiguous in these instances; moreover, the point of blowoff and flame liftoff was nearly identical. This was the case for mixtures composed largely of CH 4 or CO. However, for mixtures with larger than about 60% H 2 , the blowoff and liftoff events were quite distinct. Usually, the flame became visibly weaker, lifted off from the holder, and moved progressively downstream with decreases in equivalence ratio before blowing off for good. As such, blowoff is defined here as the point where the flame is no longer visible in the 10.2 cm long optically accessible section of the combustor. This point should be kept in mind when comparing 0-60% H 2 and 60-100% H 2 containing fuels.
ANALYSIS APPROACH
This section describes the methods used to post-process the data and correlate blowout limits with the parameters identified in the Background section.
Adiabatic flame temperatures were calculated for a given mixture using standard methods. Laminar flame speeds and blowoff residence times were calculated with the PREMIX and AURORA application in CHEMKIN, using the GRI3.0 mechanism. While this mechanism was primarily optimized for methane/air mixtures, good comparisons between its results and measurements have been obtained for a range of H 2 /CO mixtures as well [32] . At some lean mixtures where stable flames were observed, we were unable to get PREMIX to converge. At all other conditions, we found that the blowoff residence time from the well stirred reactor model and the chemical time estimated from the flame speed using Eq.
(1) correlate quite well [31] . Figure 5 and Figure 6 illustrate typical results showing the dependence of the blowoff and flashback boundaries upon the mole fraction of H 2 in the fuel. The circled points indicate points where flashback occurred very rapidly. For the remainder of the points, "flashback" corresponded to the upstream movement of the flame stabilization point, illustrated in Figure 4 . Note that the rapid upstream propagation mechanism occurred at only the highest hydrogen concentration in the low preheat case, and when the percentage of H 2 is greater than 60% in the preheated case. Although these data were obtained at somewhat different premixer velocities (however, the flashback limits do not change significantly with velocity), they are plotted together to illustrate the different sensitivities of these two phenomenon to hydrogen concentration. The flashback result is almost independent of percentage of H 2 , whereas the blowoff equivalence ratio is a very strong function of hydrogen levels, changing by a factor of almost three in the first figure. These plots show the well known result that, in general, mixtures can be stabilized with lower equivalence ratios as the H 2 concentration increases. In addition, the mixture flashes back easier with H 2 addition, although this effect is very slight at low H 2 levels. Note also that the range of stable operation (i.e., the equivalence ratio range between flashback and blowoff) exhibits a non-monotonic dependence upon %H 2 . For low levels of H 2 addition, this stability range is enhanced, especially for the lower reactant temperature case. However, it is actually decreased at the highest hydrogen levels, due to the propensity of high H 2 mixtures to flashback, see Figure 7 .
RESULTS AND DISCUSSION
We next consider correlations of the blowoff results. While a variety of other correlations were examined in our prior paper [31] , we found Damköhler number correlations based upon the burned gas flow as a reference velocity to work best, using the combustor width, D=0.0508m, as the length scale. The chemical time is the blowoff residence time of a well stirred reactor. A typical result is shown in Figure 8 , showing that blowoff occurs at a nearly constant value of Damköhler number, Da B ≈ 0.82, for low H 2 (<50%) mixtures. For high H 2 mixtures, Da B decreases monotonically due to the significant change of blowoff time. Recall, however, that defining the blowoff point is somewhat ambiguous for H 2 levels greater than 60%. Nonetheless, assuming a constant value of blowoff Damköhler number as a blowoff prediction tool works reasonably well. Although the blowoff Damköhler number changes by a factor of 100, it should be noted that the underlying change in chemical time corresponds to a change in equivalence ratio of only 0.1. Figure 9 plots the dependence of the predicted equivalence ratio, calculated using CHEMKIN AURORA results to determine what mixture equivalence ratio gives a Da B =0.82 value, with the actual experimentally measured value. It can be seen that the error is generally less than 0.1, with the RMS error for all points equaling 0.04. Only for the highest H 2 cases is there a clear deviation, as would be expected from The change in blowoff Da value shown in Figure 8 may be due to preferential diffusion effects, a consideration that has also been used to scale changes in turbulent flame speed of mixtures whose constituents have significant variations in diffusivity. One approach for incorporating these effects is to note that the local equivalence ratio changes along the wrinkled flame, being both higher and lower than the average at different spatial locations. Kido and co-workers [ 33 ] suggested correlating mixture turbulent flame speeds by utilizing mixture properties at an adjusted equivalence ratio, equal to the actual value plus some ∆φ. They suggest the following relation for ∆φ:
where D F and D OX denote the mass diffusivity of fuel and oxygen, respectively, and C is a constant whose value they suggest as 0.3. We found that utilizing a value of C=0.1 gives a nearly constant blowoff Damköhler number for all of our data sets. For example, Figure 10 shows that blowoff occurs at a nearly constant value of local Damköhler number, which is based on local equivalence ratio, in this case Da B =2.1. Figure 11 compares the predicted and actual blowoff equivalence ratios, calculated assuming that all mixtures blow off at a constant local Damköhler number, Da B =2.1, (calculated using the adjusted equivalence ratio). It can be seen that the error is generally less than 0.05, with the RMS error equaling 0.03.
There are a variety of reasons that the remaining scatter could be present, such as inherent noise in the blowoff point. In addition, other more subtle factors, such as reference length These results show that if the blowoff equivalence ratio of one fuel is known at a particular condition, the corresponding blowoff point of other fuels can be predicted with an accuracy of ~10% in equivalence ratio. We next consider correlations of the flashback data. Figure 12 plots the dependence of the adiabatic flame temperature upon H 2 concentration at two unburned flow velocities. Notice how this flame temperature correlation collapses much of the variability present in the corresponding flashback equivalence ratio, see Figure 5 and Figure 6 , at a fixed H 2 level and varying CO/CH 4 ratio. Furthermore, notice that for all the "slow flashback" cases, flashback occurs at nearly a constant value of flame temperature. As expected, the flame flashes back at lower equivalence ratios at the lower unburned flow speeds; however, this variation is not very significant and, furthermore does not correspond to a similar ratio of flame speeds. Furthermore, correlations of these results with laminar flame speed, see Figure 13 , increases the spread of the data, indicating that laminar flame speed is not an important parameter describing flashback limits -at least for the slow flashback mechanism.
We believe that these results support the assertions of Sattelmayer and co-workers regarding the impact of combustion on the vortex breakdown bubble. It is known that the vortex breakdown location favors regions of adverse pressure gradients, such as rapid flow expansions or equivalently, flow divergence [34] . In the same way, inclined flame fronts cause divergence of the upstream flow -as such, the flow upstream of the flame is actually decelerating and there is an adverse pressure gradient -even though the flow subsequently accelerates through the flame itself and the pressure drops. Unfortunately, this pressure rise upstream of the flame is very difficult to calculate. We can, however, use basic scaling analysis and reference to scaling laws from weakly perturbed flames to show that it scales with the temperature ratio across the flame, f(T b /T u -1). For example, the appendix provides an approximate solution for one case amenable to analytic solution. A result from this analysis showing the spatial variation of the pressure through the flame is plotted in Figure 14 . The key point to note from this figure is that convex flame orientation to the flow causes the pressure to actually rise upstream of the flame, followed by the pressure drop across the flame. Note that if the flame were perfectly normal to the flow, there is no pressure rise upstream of the flame. Our argument regarding this slow flashback mechanism can be better understood with reference to Figure 15 , which shows the hypothesized streamlines in the vicinity of the flame and recirculation bubble in more detail. The conditions under which the recirculation bubble begins to move backward into the premixer, so that there is actually reverse flow in the premixer, can be understood by reference to the pressure drop in the premixer, P A -P B , where the locations "A" and "B" are illustrated in the figure above.
( ) The results in Figure 12 are consistent with this picture. These results were obtained with a fixed upstream flow velocity and temperature, and a nearly constant Reynolds number -the only variable that changed was the gas composition. Recall that the one high H 2 point corresponds to a different flashback mechanism. The nearly constant value of T b at which flashback occurs suggests that the vortex bubble moves into the premixer when P A -P B becomes small enough or negative. In the same way, there is relatively little change in the flame temperature at flashback with H 2 concentration at a higher pressure and reactant temperature case, as shown in Figure 16 . Note that the range of hydrogen levels over which the fast flashback mechanism occurs is expanded here. Because of this, the point of nearly constant flame temperature in the slow flashback cases are somewhat arguable, as the range is smaller and it could also be potentially argued that there is a monotonic decrease in T ad with percentage of H 2 here.
This argument can also explain the measured pressure dependence of flashback limits. According to Eq.(4), the relative pressure change is independent of pressure -note that this is what we also observed in tests at two different preheat temperatures, see Figure 17 .
These data also indicate that the flashback temperature decreases with increases in unburned gas temperature -i.e., T b /T u decreases from 7.6 at T u =300 K to 4.3 at T b =460 K. Thus, the temperature ratio stays nearly constant with variations in pressure, flow velocity, and fuel composition, but not with unburned gas temperature. Unfortunately, we do not quantitatively understand the unburned temperature scalings of the terms in Eq. (4), such as the C D term (recall that the viscosity ν~T 3/2 /P) to determine if this result is inconsistent with our working hypothesis. To further establish whether the key parameter determining the slow flashback proclivity of the flame is dominated by the temperature ratio across the flame, as opposed to the flame speed, we performed a careful test with a high CO mixture, where the equivalence ratio at which the flame temperature peaks, φ=1.05, is well separated from where the flame speed peaks, φ=1.24. The flame position was monitored visually, as well as the centerbody flashback thermocouple. These tests showed that as the fuel-air ratio was swept from lean to rich, the flame moved farther into the premixer and occupied the farthest upstream point at the fuel/air ratio corresponding to maximum flame temperature. Further increases in fuel/air ratio, corresponding to conditions where the flame speed was still increasing but the flame temperature was decreasing, resulted in the flame moving back out of the premixer. This result seems to clearly show that upstream propagation of the flame closely correlates with the mixtures flame temperature, not its flame speed.
CONCLUDING REMARKS
These results show that blowout characteristics can be reasonably captured with classical Damköhler number scalings to predict blowoff equivalence ratios to within 10%. Counter-intuitively, the percentage of hydrogen had far less effect on flashback characteristics, at least for fuels with hydrogen mole fractions less than 60%. This is due to the fact that two mechanisms of "flashback" were noted: (i) rapid flashback into the premixer, presumably through the boundary layer, and (ii) movement of the static flame position upstream along the centerbody. The former and latter mechanisms were observed at high and low hydrogen concentrations, respectively.
The "fast flashback" mechanism was observed to occur at the highest hydrogen concentrations, with the range of levels over which it was observed increasing with reactant preheat. As such, we postulated that this mechanism occurred when the turbulent flame speed exceeded some bulk or boundary layer flow velocity. However, results suggested that flashback can also occur even if the flame speed was never high enough to propagate upstream. In these instances, the flame can possibly manipulate the region of vortex breakdown by imposing an adverse pressure gradient ahead of the flame. This can explain the fact that the percentage of H 2 did not greatly affect the slow flashback limits since such a mechanism would be far less sensitive to the flame speed, but a strong function of the temperature ratio across the flame, as shown by these measurements.
APPENDIX
This appendix details a perturbation solution extracted from the Darrieus-Landau flame stability analysis † [35] for a flame with small sinusoidal wrinkles of spatial wavenumber k and amplitude D (see Figure 18 The spatial dependence of the pressure through the flame along the dashed line in Figure 18 is plotted in Figure 14 .
The magnitude of the pressure rise upstream of the flame, indicated in Figure 14 , is given by the expression: This result shows that the adverse pressure gradient ahead of the flame grows monotonically with temperature ratio across the flame, as well as the relative inclination angle of the flame with respect to the flow, related to kD.
